A new methodology in deep drawing simulation of knitted fabric composite sheets is proposed in this paper. As large deformation is inevitable, the reorientation of fabric geometry is taken into consideration in obtaining the stress-strain relationship. Computational readjustment of the fabric in the unit cell is done to take into consideration realignment of fabric during large deformation in the actual process. Comparison between the simulated and experimental results reveals reasonable agreement. 
INTRODUCTION
In sheet metal forming, the occurrence of localized thinning sets the limit at which a blank can be further formed /1-3/. It has been found that continuous fiber reinforcement inhibits localized thinning and thereby improves the sheet formability /4/. Recently, fiber reinforcements have been replaced by textiles such as woven fabrics and knitted fabrics.
Woven fabrics do not drape easily over a complex shape. Nevertheless, deep drawing of woven fabric composites is made possible through the "trellis effect" or shearing 151. Unlike woven fabrics, the curved loop architecture in knitted fabrics, as shown in Fig. 1 ,
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Fig. 1: Weft knitted fabric architecture
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Microscopic Analysis
The unit cell mesh of a knitted fabric composite, shown in Figs. 2(b) and (c), is obtained from an enlarged view of a typical specimen, Fig. 2(a) . The Kevlar29® fiber modulus was taken from a standard handbook while that of polypropylene (PP) matrix was averaged from a Dynamic Mechanical Analyzer (DMA) between room temperature and the melting point. The choice of the PP modulus was based on the thermoforming process at an elevated temperature above room temperature and below its melting point. Table 1 summarizes the moduli of the fiber and matrix materials. 
Macroscopic Analysis
The macroscopic analysis in this work refers to the deep drawing process simulation. The [D] matrix database from the unit cell microscopic analysis is used for the quarter sheet macroscopic analysis as
where {σ} and {ε} refer to the macroscopic stress and strain, respectively, in the macro mesh. Figure 3 shows the macro mesh representing a quarter of an undeformed circular sheet. Substituting 
where Adi = di -ΔΗ = motion of the /-th node with respect to the punch η = normal unit vector to the punch surface ΔΗ = incremental punch penetration step.
Suppose Τ is the transformation matrix from the global coordinate (x,y,z) to the local coordinate (x',y',z'), then
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where T r refers to the transposed transformation matrix.
Substituting Eq. (9) into Eq. (6) for contacted points, such as the /'-th node, gives surface touches the "crossed" node. The motion of the "crossed" point is calculated in terms of absolute displacement. The second punch step of magnitude (1-<χ)ΔΗ is then applied to complete the intended punch step of ΔΗ. Being in contact with the punch during the second step, the motion of the "crossed" point is calculated in terms of the transformed relative displacement, lich the [K] matrix can be symmetrized as follows (10) (11) Equation (11) is preferred over Eq. (6) since it calculates the motion of the contacted nodal points in terms of relative motion which allows the imposition of the restricted condition specified by Eq. (7). The absolute displacement of the /-th node, d;, can be obtained from the transformed relative displacement Ad;', by Eq. (9) .
Figure 4(a) shows the nodal points with and without contact to the punch. If there is an increase in the number of nodal points in contact to the punch in one punch penetration step of ΔΗ, then the punch penetration is divided into two steps, as shown in Fig. 4(b) . The first step is of magnitude αΔΗ where the progress ratio a, in the range 0<α<1, is applied such that the punch Ad,'. For Ν = number of "crossed" points in each intended punch step, the punch penetration is divided into Ν steps with Ν α calculations. The process simulation is summarized by the flow chart displayed in Fig. 5 .
If there is no increase in the number of nodal points, then the updated nodal coordinates, χ™,«,, are obtained from the previous nodal coordinates, Xoia, as
Two additional boundary conditions were imposed during the deep drawing simulation. Firstly, the clamped portion is restricted on only plane motion to Knitted fabric composites were made from knitted "Kevlar29" yarns and polypropylene sheets under a compressive pressure of 50 bar and at a temperature of 180°C for 5 minutes. This technique is known in the composite community as the "Film Stacking Method". With the use of single-ply knitted Kevlar fabric, the textile composite thickness was measured as 0.66 mm. Based on a photomicrograph of the composite sheet, the fiber volume fraction was found to be 30%. Specimens of radius 70 mm with square grid intervals of 5 mm were heated in an oven up to 170°C for softening before being transferred to the punching machine. Blanks were thermoformed from a hemispherical punch of radius
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Geometrical Non-Linearity 37.5 mm and a die throat of radius 40.0 mm. Blank holder force of 20 kN was applied during punch penetration at a speed of 20 mm/s. The relatively high punch speed is desirable in order to ensure that sheet deformation occurs when the matrix material is in the molten state. Thus the fabric loop straightens easily and failure is initiated by fiber breakage rather than matrix cracking. Upon deformation, the punch location is maintained for 1 minute to allow subsequent cooling and hardening of the matrix material, thereby ensuring permanence of deformation
Coordinates of grid points in the wale and course axes were measured by a 2-D traveling microscope and a height gauge with a percentage measurement error of 0.2% and 0.4%, respectively. Although wrinkling is absent in the cup wall, a horizontal cross-section of the shell shows a slightly elliptical, rather than circular, circumference. As the wale direction has higher stiffness, the draw-in in the wale rim is larger than in the course rim, producing a rather elliptical product rim. 
The shear strain is therefore obtained from the grid distortion as
Processing of Data
The following strain state formulation is derived based upon the concept of backward difference. Consider a quadrant of the knitted fabric composite blank bounded by the wale axis, course axis and the rim. Defining P(ij) to be the position of the i-th and j-th grid in the wale and course directions, respectively, the position vector of P(ij) is written as where M'J) I
where r w (ij) and r c (ij) are the radial position of P(ij) from the course and wale axes, respectively, while h(ij) is the height position of P(i j) from the cup base. Based upon backward difference, we introduce the vector interval of the grid at node (ij) in the course and wale directions as
is the new angle at the (i j) node after distortion. By the concept of material incompressibility, the thickness strain
final grid area is obtained at the (i j) node as
Due to the nature of backward difference, the nodes at the wale and course axes are neglected. The boundary conditions -no shearing and no circumferential motion of grid nodes at the wale and course axes -are imposed in regard to the symmetrical fabric geometry.
a(ij) = P(ij)-P(ij-l)
and
4. RESULTS AND DISCUSSION Figure 6 shows the deformed shape of a knitted fabric composite for a quadrant of a circular sheet. To The overestimation of draw-out gives rise to large thinning at the sheet core, as shown in Fig. 9(b) . Nevertheless, there exists an observable trend of thinning at the sheet core due to draw-out and thickening at the clamped portion due to draw-in, as is evident in Figs. 9(a) and (b) .
Simulated shear strain distribution, depicted by Fig.  10(b) , demonstrates large shearing at the wale axis and in the diagonal direction This discrepancy may well be attributed to the neglect of friction between the sheet and the punch. Consideration of friction between sheet material and punch, temperature variation during thermoforming and the non-linear matrix properties is highly recommended for future investigation. Prediction of composite sheet formability is also suggested with due consideration of damage mechanics. 
